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Chemistry, University of Massachusetts-Amherst, Amherst, MassachusettsABSTRACT Biopolymer homeostasis underlies the health of organisms, and protective osmolytes have emerged as one strat-
egy used by Nature to preserve biopolymer homeostasis. However, a great deal remains unknown about the mechanism of
action of osmolytes. Trehalose, as a prominent example, stabilizes proteins against denaturation by extreme temperature
and denaturants, preserves membrane integrity upon freezing or in dry conditions, inhibits polyQ-mediated protein aggregation,
and suppresses the aggregation of denatured proteins. The underlying thermodynamic mechanisms of such diverse effects of
trehalose remain unclear or controversial. In this study, we applied the surface-additive method developed in the Record labo-
ratory to attack this issue. We characterized the key features of trehalose-biopolymer preferential interactions and found that
trehalose has strong unfavorable interactions with aliphatic carbon and significant favorable interactions with amide/anionic
oxygen. This dissection has allowed us to elucidate the diverse effects of trehalose and to identify the crucial functional group(s)
responsible for its effects. With (semi)quantitative thermodynamic analysis, we discovered that 1) the unfavorable interaction of
trehalose with hydrophobic surfaces is the dominant factor in its effect on protein stability, 2) the favorable interaction of treha-
lose with polar amides enables it to inhibit polyQ-mediated protein aggregation and the aggregation of denatured protein in gen-
eral, and 3) the favorable interaction of trehalose with phosphate oxygens, together with its unfavorable interaction with aliphatic
carbons, enables trehalose to preserve membrane integrity in aqueous solution. These results provide a basis for a full under-
standing of the role of trehalose in biopolymer homeostasis and the reason behind its evolutionary selection as an osmolyte, as
well as for a better application of trehalose as a chemical chaperone.INTRODUCTIONBiopolymer homeostasis is the basis of the health of organ-
isms. In particular, perturbations of proteostasis have been
implicated in many chronic diseases in humans (1,2). Pro-
tective osmolytes have been selected by Nature as one
strategy to prevent many organisms from perturbation of
biopolymer homeostasis (3,4), and thus, people have a
growing interest in osmolytes (5,6) as a potential strategy
to retard protein misfolding/aggregation and so to alleviate
the pathology of conformational diseases. In addition,
osmolytes have wide application in the production of phar-
maceutical proteins and as agents to promote protein crys-
tallization (7). However, a lot is still unknown about the
mechanism of action of osmolytes and, hence, about the
reason behind their evolutionary selection. Osmolytes, and
chemical chaperones in general, work as perturbing solutes
instead of as site-binding ligands, and they exert their effects
by modulating local solution conditions, leading to changes
in the free energy of the biopolymer components. Known
mechanisms of osmolyte effects as developed in the Tima-
sheff (8,9) and Bolen (10) laboratories do not fully explainSubmitted March 23, 2015, and accepted for publication May 28, 2015.
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0006-3495/15/07/0144/10 $2.00the diverse effects of the osmolyte trehalose, a disaccharide
of glucose. Trehalose has been selected in evolution by
many organisms to cope with osmotic stress, to protect pro-
teins from denaturation by extreme temperature, to preserve
membrane integrity in freezing and dry conditions, and to
counteract the effects of denaturants (4). Moreover, treha-
lose has been reported to inhibit polyQ-mediated protein
aggregation in vitro and in vivo and to alleviate polyQ-medi-
ated pathology in a mouse model of Huntington disease
(11,12). Trehalose can also suppress the aggregation of
denatured proteins. In so doing, it interferes with protein re-
folding by maintaining the protein in a partially folded state,
but the native state can be recovered after removing treha-
lose (13). Numerous studies have been performed to look
into the mechanism of trehalose’s effect on protein stability
(14–16), membrane integrity (17,18), and protein aggrega-
tion (13). However, we still lack a sound thermodynamic
explanation, and the physical properties of trehalose that un-
derlie its diverse effects remain unknown. In this study,
using the surface-additive method developed in the Record
laboratory and especially advanced in recent years
(19–21), we identified key features of trehalose-biopolymer
preferential interactions, on the basis of which we were
able to interpret thermodynamically various trehalose
effects. Briefly, unfavorable interaction of trehalose withhttp://dx.doi.org/10.1016/j.bpj.2015.05.037
Diverse Trehalose Effects: Mechanism 145hydrophobic surfaces is the dominant factor in its stabilizing
effect on globular proteins, and favorable interactions of
trehalose with polar amide groups determine its inhibition
of polyQ-mediated protein aggregation. Together these
two factors make trehalose (at low concentration) a general
inhibitor of aggregation of denatured protein and thereby of
protein refolding, whereas its favorable interactions with
phosphate oxygens and unfavorable interactions with
aliphatic carbons make trehalose a perfect cosolvent for
membrane integrity.
In analyzing perturbing small solute or cosolvent effects
on a particular biopolymer process, two thermodynamic
strategies have been widely used: preferential interaction
analysis (9,22) and the group transfer free-energy study
(23,24). The preferential interaction coefficient is the funda-
mental thermodynamic quantity (transfer free energy is
quantitatively related) used to analyze the effect on any
biopolymer equilibrium due to changes in the concentration
of a perturbing solute (22,25). In contrast to direct interac-
tions possibly visualized by spectroscopic methods (which
provide some valuable microscopic detail), preferential
interaction coefficients reflect the relative strength of
solute-water and solute-biopolymer interactions; as inter-
preted in the solute partitioning model (21,26,27), the
preferential interaction coefficient reflects the relative distri-
bution of the solute between the biopolymer vicinity and the
bulk solvent. Therefore, preferential exclusion does not
necessarily exclude the possibility of direct interaction of
solute with biopolymer, and vice versa. The molecular
mechanism of the solute effect could be clarified by statisti-
cal mechanical analysis of information on molecular inter-
actions at the microscopic level to derive the preferential
interaction coefficient.
Unlike earlier studies of solute effects using preferential
interaction analysis, where the water-accessible protein sur-
face was basically treated as homogeneous (9), the surface-
additive method (19–21) takes into account explicitly the
heterogeneity of a biopolymer surface and thus allows one
to understand varying effects of a particular solute on
different biopolymer processes (28). The surface-additive
method combines the idea of surface analysis of protein
stability and the solute effect (29,30) and the idea of
surface heterogeneity implied by numerous previous studies
exhibiting either differential preferential interactions of a
small solute with different types of biopolymer surface
(31–34) or differential energetic contributions to the solute
effect from different types of biopolymer functional groups
(10,35–37).
In common with the group transfer free-energy study
(GTFE) (23,24) for the additivity assumption and the het-
erogeneity treatment of biopolymer surfaces, the surface-
additive method decomposes preferential interaction on
the basis of biopolymer functional groups (or water-acces-
sible surface types), whereas the GTFE decomposes transfer
free energy on the basis of amino acid side chains plus pep-tide backbone units. Therefore, the surface-additive method
provides a direct view of the regularity of preferential inter-
action of small solutes with biopolymer surface types and
facilitates comparison among biopolymer functional groups
of their energetic contribution to the solute effect on
biopolymer processes. The independence of functional
groups in terms of their preferential interactions with solute
allows a more concise way of analyzing the solute effect.MATERIALS AND METHODS
Chemicals
All chemicals were from Sigma-Aldrich (St. Louis, MO) and all chemicals
have purity >99% or 99.5%, except butyramide (>98%).Analysis
The small-solute effect on a particular biopolymer conformational transi-
tion process, describing how small-solute concentration (m3) affects the
standard free-energy change of the process, DG

obs (¼RTlnKobs), or shifts
the equilibrium of the process, Kobs (the observed equilibrium concentra-
tion quotient), is determined by the differential influence of the solute on








¼ m-value ¼ Dm23; (1)
where R is the gas constant, T stands for thermodynamic temperature, and
the derivatives are taken at constant T and pressure (P). The m-value hasbeen widely used to quantify small-solute effects on protein unfolding pro-
cesses. The quantity m23 ¼ ðdm2=dm3Þ expresses the dependence of the
chemical potential of a biopolymer (at constant T, P, and m2) with respect
to the small-solute concentration (in this manuscript, subscripts 2 and 3
represent the biopolymer or model compound and trehalose, respectively),
and it is the determining factor of the conventional preferential interaction
coefficient, Gm3 (the derivative of m3 with respect to m2 at constant T, P, and
the solute chemical potential m3) (9,22,38). In the solute partitioning model
(21,26,27), preferential interaction of a small solute with a biopolymer
gains its molecular interpretation: a thermodynamically favorable interac-
tion (m23 < 0) corresponds to preferential accumulation (Gm3 > 0) of the
solute in the local domain of the biopolymer surface; a thermodynamically
unfavorable interaction (m23 > 0) corresponds to preferential exclusion
(Gm3 < 0) from the local domain; and no preferential interaction (m23,
Gm3 ¼ 0) indicates that the interaction of the solute with water and with
biopolymer is thermodynamically indifferent and thus that the distribution
of the solute is random between the vicinity of the biopolymer surface and
the bulk water. Equation 1 reveals that a process is promoted if the solute is
less excluded from or more accumulated at the product than the reactant.
In the surface-additive method, to interpret or predict solute-biopolymer
preferential interactions or the small-solute effect on a particular process,
one sums up preferential interactions of the solute with all kinds of wa-
ter-accessible biopolymer surface (changes) involved, assuming surface
additivity (20):
m23 or Dm23 ¼
X
i
ððm23=ASAiÞ  ASAiÞ þ nionbion; (2)
where ASA stands for water-accessible surface area, and the subscript i de-
notes a functional group of the biopolymer, classified as aliphatic carbon,aromatic carbon, hydroxyl oxygen, amide oxygen, amide nitrogen, anionic
carboxylate oxygen, cationic nitrogen, or anionic phosphate oxygen. TheBiophysical Journal 109(1) 144–153
TABLE 1 Values of m23=RT for preferential interactions of








Glycine 0.0275 0.008 0.0175 0.005
Proline 0.175 0.01 0.1625 0.005
Alanine 0.1025 0.013 0.0615 0.006
Glycine betaine 0.2035 0.009 0.2135 0.008
146 Hong et al.preferential interaction potential (m23=ASAi) expresses the contribution to
m23 by 1 A˚
2 of the solvent-accessible functional group and is obtained by
regression analysis of preferential interactions of solute with model com-
pounds (m23) as a function of ASA composition of model compounds
(Eq. 2). Model compounds were selected to represent certain groups of
biopolymer surfaces and to be suitable for osmometry study. The term nion
bion is added to account for the contribution to preferential interactions of
counterions if possible, with stoichiometric number nion of inorganic ions
and the unit contribution of bion.
Mannitol 0.2585 0.013 0.2645 0.013
Serine 0.0145 0.015 0.0085 0.005
Threonine 0.1285 0.019 0.0535 0.006
Diglycine 0.0125 0.014 0.0135 0.012
Phenylalanine 0.0355 0.027 0.0585 0.022
Na benzoate 0.0045 0.038 0.0465 0.026
Urea 0.1395 0.009 0.1395 0.009
Glutamine 0.1565 0.031 0.1595 0.012
Asparagine 0.1775 0.026 0.1805 0.013
Butyramide 0.2525 0.010 0.2525 0.009Osmometry
Osmometry (39,40) was utilized to determine the preferential interaction,
m23, of small solutes with model compounds using the equation
m23yRT DOsm=ðm2m3Þ: (3)
In this method, excess osmolality, DOsm (¼ Osm(m2,m3) – Osm(m2) –
Osm(m3)), is determined by measuring the osmolality of correspondingNa aspartate 0.1685 0.029 0.1075 0.021
LysHCl 0.2255 0.025 0.2535 0.020
NaCl 0.1055 0.016 0.0935 0.015
Na2HPO4 0.7855 0.071 0.7095 0.050
Hisc 0.1665 0.012
4-hydroxybenzyl alcoholc 0.0235 0.043solutions (Osm(m2,m3) for a solute-model compound-water three-compo-
nent solution and Osm(m2) and Osm(m3) for the corresponding two-
component solution), and fitting the two-component data to a quadratic
function for the purpose of calculating DOsm. The value of m23=RT is ob-
tained from the plot of DOsm versus m2m3 as the slope using linear fitting.aThe error comes from the linear fitting of DOsm versus m2m3, using the
error of DOsm propagated from the standard deviation of multiple readings
of osmolality of corresponding solutions.
bThe error is the result of error propagation of the uncertainty on the pref-
erential interaction potential.
cData from these model compounds have not been used in global fitting.Sample preparation and osmometer reading
A freezing-point depression osmometer (OM806, LoserMesstechnik, Berlin,
Germany) was used to measure solution osmolality. Compared with a vapor
pressure osmometer (27,33), the freezing-point depression osmometer
allows a larger working volume (100 mL) and is thus a better choice (for a
potentially higher preparation accuracy) formodel compounds,which, unlike
precious protein, are not subject to availability issues. No difference was
observed for two-component urea data obtained from these two kinds of
osmometers. The osmometer was calibrated at zero, 300, and 900 mOsm us-
ing NaCl standard solutions provided by Loser Messtechnik.
Stock solutions of trehalose and model compound (10–30 mL) were pre-
pared gravimetrically, and ~1 mL of sample solution was prepared by gravi-
metrically mixing trehalose stock and/or model-compound stock with
water. The sample solution was prepared at ambient temperature (20C).
Multiple readings on the osmometer were carried out for each sample
solution. To determine m23 for the interaction of trehalose with a model
compound, a series of sample solutions was made with m2 ~0.150.5 m
and m3 ~0.250.45 m.
A self-writing program in Excel using the algebra for multiple linear
regression analysis (41) was utilized in this study for two-component osmo-
lality data fitting, and for determining m23=RT and m23=RT=ASAi by fitting
DOsm with m2m3 and fitting m23=RT with surface composition ASAi,
respectively. The standard deviation for multiple reading of osmolality
was used in fitting, and error propagation analysis (41) was performed
wherever needed. Preferential interactions are often reported as normalized
terms (by RT) in this study.RESULTS
Preferential interactions of trehalose with model
compounds
To determine preferential interactions of trehalose with
biopolymer functional groups, model compounds were
selected to represent certain protein functional groups and
phosphate oxygen and to have sufficient solubility in water
(Table 1). Osmometry was performed over a range of treha-Biophysical Journal 109(1) 144–153lose (m3) and model compound (m2) concentrations to
determine preferential interactions (m23) of trehalose with
individual model compounds, as shown in Fig. 1. In
Fig. 1, excess osmolality, DOsm, is plotted versus concen-
tration product m2m3, and as expected from Eq. 3, the exper-
imentally determined DOsm varies linearly with m2m3 with
a slope value equivalent to m23=RT. The linearity of the
osmometry plots in Fig. 1 is a demonstration that the
osmometry method is reliable in trehalose-model compound
systems over the investigated concentration range (39,40),
and it also suggests no concentration dependence on m2
and m3 of preferential interactions in the concentration
range studied.Qualitative feature of trehalose preferential
interactions with biopolymer functional groups
In Fig. 1, the plots of DOsm versus m2m3 span the slope
values from negative to near zero to positive values, indi-
cating that trehalose has different preferential interactions
with different biopolymer functional groups or their combi-
nations, which provides direct evidence of heterogeneity
of trehalose-biopolymer surface preferential interactions.
Investigation of the osmometry plots (Fig. 1) and preferen-
tial interaction values, m23 (Table 1), reveals some features
of trehalose preferential interactions with biopolymer func-
tional groups. 1) Trehalose has a favorable interaction with
FIGURE 1 Determination of preferential interactions (m23=RT) of trehalose with model compounds by osmometry. The excess osmolality, DOsm, is plotted
versus the concentration product,m2m3. The error bar is propagated from the standard deviation of themultiple readings of osmolality of corresponding solutions
for calculatingDOsm. Lines are linear fits to Eq. 3, with the value of m23=RT given by the slope. The master plot is divided into four subplots (A–D) for clarity.








Aliphatic C 22.45 0.8
Aromatic C 5.95 1.5a, 8.9 5 1.6b
Diverse Trehalose Effects: Mechanism 147urea (negative m23), which implies that trehalose is preferen-
tially accumulated at polar amide surfaces, since urea is
dominated by the amide group (Table S1 in the Supporting
Material). 2) Unlike urea, butyramide has a positive m23, and
its major difference from urea is that it has considerably
more aliphatic C ASA, which implies that trehalose has
an unfavorable interaction with or is preferentially excluded
from aliphatic C surface. 3) A negative m23 was often
observed for compounds either having an amide group or
one more carboxylate oxygen or having phosphate oxygen.Hydroxyl O 0.85 0.7
Amide O 19.65 5.4
Amide N 4.75 2.2
Carboxylate O 28.25 2.1
Cationic N 12.95 2.1





Except for the second value of Aromatic C, the error is given by multiple
linear regression analysis of m23=RT as a linear combination of the ASA
composition of model compounds, using the uncertainty of m23=RT as
reported in Table 1.
aFor interaction of trehalose with benzene C of Phe.
bFor interaction of trehalosewith aromatic ring atoms in imidazole (N andC)
or phenol; calculated as the average value for His and 4BA.Preferential interactions of trehalose with
biopolymer functional groups
Using Eq. 2 and the ASA composition of model compounds
(Table S1), we performed regression analysis for m23=RT
data (Table 1) and obtained preferential interaction poten-
tials for each functional group m23=RT=ASAi (Table 2).
The fitting quality is justified by the agreement between
experimental m23=RT and predicted m23=RT (Fig. 2 and
Table 1) using fitted preferential interaction potentials and
ASA compositions of the model compounds. Consistent
with our qualitative analyses above, trehalose is preferen-
tially excluded from aliphatic C and preferentially accumu-lated at amide/carboxylate/phosphate O and amide N, has
minimal preferential interaction with hydroxyl O, and is
preferentially excluded from cationic N. The interaction of
trehalose with aromatic rings exhibits complication. In theBiophysical Journal 109(1) 144–153
FIGURE 2 Comparison of predicted and experimental m23=RT, or
m-value/RT. The absolute values of model compounds (Table 1) were
used in log-scale plot. Experimental m23 of trehalose with native RNase
A (8) and BSA (27) and trehalose mvalue for unfolding RNase A (8) or
adenylate kinase (AK) (10) were as reported, with corresponding predic-
tions in Table S2. The line represents the equality of predicted and experi-
mental values. (Inset) Model compound data in linear scale.
148 Hong et al.above regression analysis, global fitting without or with
either of the four aromatic model compounds produces no
difference for nonaromatic functional groups, whereas
trehalose shows an unfavorable interaction with benzene C
in Phe and Na benzoate and a favorable interaction with
aromatic C in the imidazole of His (only C in the ring is
counted as an aromatic atom in this fitting) or in the phenol
of 4-hydroxyl benzyl alcohol (4BA). In addition, the differ-
ence between Phe and Na benzoate is smaller than that be-
tween His and 4BA. We thus chose Phe and Na benzoate in
global fitting to determine the interaction potential of treha-
lose with aromatic C (appropriate for Phe) and with nonar-
omatic groups and used fitted parameters for nonaromatic
groups to calculate the interaction potential of trehalose
with aromatic atoms of the imidazole (His) or phenol ring
(4BA) (Table 2). In this calculation, the ASA for the whole
imidazole ring (N and C) is counted as aromatic ASA for
His, and the amide feature of N is also considered simulta-
neously (Table S1). In so doing, the difference between
imidazole and phenol is largely reduced. Though our modi-
fied ASA calculation works for His in this case, our data
indicate that aromatic C behaves differently in different
aromatic groups, which suggests that atom-wise additivity
may not always work well for complicated functional
groups such as heterocyclic compounds. In that case, we
propose group-wise additivity (for example, the imidazole
group) in combination with atom-wise additivity.DISCUSSION
Predictingm-values or preferential interactions of
native proteins
Using the preferential interaction potential of trehalose
(Table 2) and applying the surface-additive method (Eq. 2),Biophysical Journal 109(1) 144–153we predicted the trehalose m-values for unfolding of RNase
A and adenylate kinase, as well as preferential interactions of
trehalose with native bovine serum albumin (BSA) and
RNase A. The predicted data are plotted versus reported
experimental data in Fig. 2 and compiled in Table S2. A
good agreement is obtained between prediction and experi-
mental measurements.Comparison of trehalose with other osmolytes
Fig. 3 A shows that trehalose behaves similarly to urea (42)
(with larger magnitude), but differently from glycine
betaine (GB) (20) and proline (43), in interactions with
amide/carboxylate/phosphate O and with cationic N. On
the other hand, trehalose exhibits a much stronger unfavor-
able interaction with aliphatic C than either GB or proline,
both in contrast to the favorable interaction of urea with
aliphatic C. To compare with sucrose and sorbitol data
(44), we predicted (using Eq. 2 with ASA composition
(43)) preferential interactions (m23) of amino acids and
backbone unit, and calculated the corresponding transfer
free energy at 1 M trehalose from m23 (45) and the transfer
free energy for side chains. As shown in Table S3 and
Fig. 3 B, compared to sucrose and sorbitol, 1) trehalose
has a significantly stronger unfavorable interaction with
nonpolar side chains; 2) trehalose shows a much stronger
favorable interaction with the Gln or Asn side chain,
although the three osmolytes have similar interactions
with other polar or negatively charged side chains; and 3)
trehalose behaves differently for Lys and Arg. In short,
trehalose is probably unique in its highly unfavorable inter-
action with aliphatic C and significant favorable interaction
with amide groups.Comparison of the osmometry study with
the GTFE
In Fig. 3 C and Table S3, the predicted (as in Fig. 3 B) and
experimental (from Table 1) transfer free energy of side
chains and backbone unit at 1 M trehalose is compared
with those from the GTFE (46,47). We observed that
1) both studies show an unfavorable interaction of treha-
lose with typical nonpolar side chains; 2) like osmometry,
GTFE shows a favorable interaction of trehalose with
amide in the case of Gln (though the two studies differ
with regard to Asn); 3) for the remaining polar and nega-
tively charged side chains, both methods show similar
interactions; 4) osmometry presents a less unfavorable
interaction of trehalose with backbone; 5) osmometry and
GTFE present contrary interactions for Lys and Arg;
and 6) a much larger difference is observed for transfer
free energies of amino acids (Table S3). Overall, agree-
ment is observed in some cases, whereas osmometry ex-
hibits more internal consistency. The difference between
the two methods has been investigated (43,45) and the
FIGURE 3 Comparison of trehalose with other
osmolytes and with GTFE data. (A) Preferential
interaction potential data. The error bar is from
regression analysis or as reported. Interaction of
trehalose with benzene C is shown as black and
with aromatic ring atoms of imidazole or phenol
as white in the aromatic C position. (B) Predicted
transfer free-energy data of trehalose is compared
with that of sorbitol and sucrose. (C) Predicted or
experimental transfer free-energy data of trehalose
is compared with that from GTFE.
Diverse Trehalose Effects: Mechanism 149discrepancy between the data (Fig. 3 C) is worth further
exploration.Trehalose effects on globular protein stability
Using the same analysis as Guinn et al. (42), we predicted
the m-value for the trehalose effect on unfolding of an
average globular protein involving 1000 A˚2 of ASA change
and estimated that 1 molal trehalose at 37C can stabilize an
average globular protein by 0.69 kcal/mol relative to
its unfolded state. Compared to urea, GB, and proline
(20,42,43) (Fig. 4 A and Table S4), trehalose generates a
three- to fourfold stronger effect, consistent with the general
observation that trehalose is a strong protein stabilizer (4).
As revealed by Fig. 4 B and Table S4, the stabilization
mechanism of trehalose lies in its exclusion from the surface
exposed upon unfolding, as observed by the Timasheffgroup (8). The dominant stabilization effect comes from
preferential exclusion of trehalose from the hydrophobic
surface exposed upon unfolding, whereas exposure of polar
amide surface, largely attributed to peptide backbone, con-
tributes an opposing effect with much smaller magnitude.
On the contrary, the stabilizing effect of GB and proline
has a significant contribution from their overall unfavorable
interaction with the amide surface. Thus, the surface-addi-
tive method allows us to dissect the subtle differences
between the working mechanisms of different solutes.
Trehalose is probably unique (Fig. 3): its favorable interac-
tion with the backbone amide is overtaken by its unfavor-
able interaction with the hydrophobic surface. Gekko’s
data (48) may imply that inositol also has a favorable inter-
action with the amide surface. Our data do not support the
idea (10) that the stabilizing effect of protecting osmolytes
arises predominantly from unfavorable interaction of theseBiophysical Journal 109(1) 144–153
FIGURE 4 Osmolyte effect on protein stability. (A) m-values for unfold-
ing an average globular protein of 1000 A˚2 of DASA for trehalose, urea
(42), GB (20), and proline (43). (B) Contribution to the m-value from func-
tional groups. The error is propagated from the uncertainty of the preferen-
tial interaction potential.
150 Hong et al.solutes with the peptide backbone (comprising both polar
amide and aliphatic C surfaces) exposed upon unfolding.
The protein unfolded state is a function of solution
conditions (49–51) and is expected to be more compact
in trehalose than the chemically denatured state due
to the large unfavorable interaction of trehalose with
aliphatic C (the dominant ASA of the unfolded state
(52)), as is consistent with the observation that trehalose
lowered the heat capacity change of unfolding a series
of globular proteins (14). The predicted trehalose effect
using an extended model for the unfolded state would
tend to be overestimated, whereas the qualitative conclu-
sion remains.FIGURE 5 Preferential interactions of trehalose with a lipid bilayer of
1000 A˚2 ASA of the headgroup and its functional groups. The error is prop-
agated from the uncertainty of the preferential interaction potential.Trehalose preserves the integrity of
biomembranes
Trehalose can protect biomembranes in freezing and in the
dry state (4,53), and this ability of trehalose is attributed
to 1) its interaction (through H-bonding) with the head-
groups of the phospholipid bilayer (18,54), and 2) its
vitrification property, namely, that trehalose can form amor-
phous glasses and thereby reduce the structural fluctuationBiophysical Journal 109(1) 144–153of biopolymers (53). We propose here a thermodynamic
analysis for the effect of trehalose on membrane integrity
at solution conditions.
Using Eq. 2 and assuming two-fifths of the bilayer head-
group is contributed by the phosphate O and three-fifths by
the aliphatic C (estimated using the quasimolecular vol-
umes of the choline and phosphate groups of a bilayer
structure of phosphatidylcholine (PC) (55) with a sphere
assumption, and treating the cationic nitrogen as water-
inaccessible), we conclude that at 37C, 1 molal trehalose
can lower the free energy of a lipid bilayer (of a size corre-
sponding to 1000 A˚2 of water-accessible headgroups) by
632 cal/mol, and that trehalose is preferentially accumu-
lated at the lipid bilayer (Table S4 and Fig. 5), as reported
(17). The stabilization primarily arises from favorable inter-
actions between trehalose and the phosphate O, with
aliphatic C contributing opposing but smaller effects. More-
over, any disruption of the membrane bilayer is thermody-
namically unfavorable due to the resulting unfavorable
interaction of trehalose with exposed aliphatic C of hydro-
carbon tails.
Due to fewer aliphatic carbons in the headgroup of phos-
phatidylethanolamine (PE) or phosphatidylglycerol (PG)
than in PC, a higher affinity of trehalose with PE or PG
membrane is expected and has been suggested (56). To
our knowledge, trehalose is the only osmolyte that shows
highly unfavorable interaction with aliphatic C and a favor-
able interaction with phosphate O (cf. Fig. 3), making it a
perfect cosolvent for preserving membrane integrity.Trehalose delays aggregation of polyQ-
containing protein
Trehalose is reported to inhibit polyQ-mediated protein
aggregation and to alleviate polyQ-mediated pathology
(11,12). Here, we offer a semiquantitative thermodynamic
interpretation by showing how trehalose may differentially
affect the extended state (the ground state of polyQ se-
quences (57)) and the b-hairpin conformation in polyQ se-
quences. For the precursor to aggregation, a b-sheet is
Diverse Trehalose Effects: Mechanism 151chosen because it is crucial for aggregation and pathology of
polyQ-containing proteins (58–62).
We constructed an extended conformation of polyQ36 us-
ing Discovery Studio (Accelrys, San Diego, CA) (Support-
ing Material), calculated its ASA (63), and quantified its
preferential interaction with trehalose (as well as GB,
proline, and urea for comparison) using Eq. 2. As shown
in Table S5 and Fig. 6, only trehalose and urea make the
extended state more stable, and the resulting effect of treha-
lose is determined by its favorable interaction with polar
amide, which overtakes its unfavorable interaction with
aliphatic C. At 37C, 1 molal trehalose can reduce the
free energy of polyQ36 by 1.2 kcal/mol or by 33 cal/mol/
glutamine. This effect is expected to be larger regarding
the actual compactness of the polyQ sequences in water
(57), which results in a reduced ASA ratio of aliphatic C
compared to amide.
With no b-sheet structure reported for polyQ sequences,
we took the b-hairpin for mutant polyQ (64) and mutated
known b-hairpins by replacing amino acids in the sheet re-
gions with glutamine (using Discovery Studio, Supporting
Material), and calculated the Gln ASA in the sheet
regions and corresponding preferential interactions with
solutes. As shown in Fig. 6 and Table S5, 1 molal trehalose
makes the sheet regions of b-hairpins more stable by
1–16 cal/mol/glutamine at 37C. This effect is significantly
smaller than the stabilizing effect of trehalose on the
extended state. Urea has an effect similar to that of treha-
lose, whereas GB and proline make the extended state
more unstable than b sheet.
In short, trehalose disfavors the transition of a polyQ
sequence to b-sheet, largely because of the favorable inter-
action of trehalose with polar amide and the relative increase
of amide ASA in ployQ. Thus, trehalose could inhibit nucle-
ation and subsequent aggregation of polyQ-containing pro-
teins. Trehalose may also retard aggregation by blocking the
formation of intermolecular H-bonding due to its favorable
interaction with amide.FIGURE 6 Osmolyte effect on the free energy of the extended state and
b-hairpin of glutamine sequences. b-hairpins 1 (4FEB (64)), 2 (1ubq (69)),
3 (1fxi (70)), and 4 (1le0 (71)) are used for modeling and analysis (Table
S5). The error is propagated from the uncertainty of the preferential inter-
action potential.Trehalose delays aggregation of denatured
globular proteins
Singer and Lindquist (13) reported that trehalose suppressed
the aggregation of denatured proteins and their refolding,
and proposed that trehalose could exert its effect by binding
to the denatured state. The concentration of trehalose (13) is
probably not sufficient to overcome the denaturing effect of
the remaining GdnHCl, but local hydrophobic collapse was
facilitated due to unfavorable interaction of trehalose with
aliphatic C, resulting in a partially folded state. Meanwhile,
intermolecular H-bonding, and thus aggregation, is in-
hibited due to preferential accumulation of trehalose at
backbone amide groups. Local hydrophobic collapse and
trehalose-amide interactions are expected to kinetically
interfere with protein refolding. We propose that osmolytes
with no favorable interactions with the backbone amide
would be less efficient than trehalose in suppressing aggre-
gation of denatured proteins.CONCLUSIONS
Using the surface-additive method (19,20), we character-
ized the preferential interaction potentials of trehalose
with the significant functional groups of protein and bio-
membranes. Compared with other osmolytes, trehalose
seems to be unique in that it has favorable interactions
with amide groups and anionic O and a highly unfavorable
interaction with aliphatic C. With this feature, we were
able to investigate the mechanism by which trehalose
stabilizes globular proteins, discover the mechanism by
which trehalose preserves biomembrane integrity in
aqueous solution, and provide an explanation for why
trehalose inhibits polyQ-mediated aggregation and the
aggregation of the denatured protein in general. Our study
demonstrates the power of the surface-additive method
to facilitate understanding of intriguing mechanisms of
small-solute effects on various self-assembly processes of
biopolymers.SUPPORTING MATERIAL
Supporting Materials and Methods and five tables are available at http://
www.biophysj.org/biophysj/supplemental/S0006-3495(15)00549-4.
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